For conjugation between prokaryotic Agrobacterium tumefaciens and eukaryotic Saccharomyces cerevisiae, we constructed two novel conjugative plasmids. A. tumefaciens transmitted the plasmids to S. cerevisiae with the aid of tra genes on a helper plasmid. The transmitted plasmids retained their original structure and function in transconjugant yeasts. The presence of Ti plasmid barely affected the trans-kingdom conjugation.
Agrobacterium tumefaciens induces crown gall tumors on dicotyledonous plants via its Ti plasmid. Agrobacterium can transfer T-DNA that is flanked by RB (right border) and LB (left border) sequences on the Ti plasmid to plants. Vir (virulence) genes on the Ti plasmid have roles in the transfer of T-DNA. After transfer, the genes for plant growth hormones on the T-DNA are integrated into plant genomes and their expression subsequently induces a plant tumor. This conjugation-like process has been established as a useful technique for introduction of genes into dicots (see Zambryski et al. 1989) . Recently, conjugation between a prokaryote and a eukaryote, namely, trans-kingdom conjugation, has been reported for Escherichia coli and yeasts that include Saccharomyces cerevisiae (Heinemannn and Sprague 1989 , Nishikawa et al. 1990 , 1992 , S. kluyveri , Inomata et al. 1994 , Kluyveromyces lactis, Pichia angusta, Pachysolen tannophilus (Hayman and Bolen 1993) and Schizosaccharomyces pombe (Sikorski et al. 1990 ). Trans-kingdom conjugation is believed to be essentially similar to bacterial Abbreviations: vir, virulence; RB, right border; LB, left border; oriT, Origin of transfer; mob, mobilization; tra, transfer; oriV, origin of vegetative; ARS, autonomous replication sequence. 1 A preliminary report of this work was presented in Japanese by Yoshida et al. (1993) . 2 Corresponding author. Tel: 0824-781-5111, Fax: 0824-24-0734. Email: r515582@ue.ipc.hiroshima-u.ac.jp. conjugation, which requires a conjugative plasmid that includes oriT (origin of transfer), mob (mobilization) and tra (transfer) genes (see Willetts and Skurray 1987) . A. tumefaciens is a Gram-negative bacterial species that is relatively distant from E. coli and the Ti plasmid itself is a typical conjugative plasmid that can be transmitted to another Agrobacterium cell by bacterial conjugation.
In this report, we describe the first example of transkindom conjugation between A. tumefaciens and S. cerevisiae. The conjugative plasmids pAYSp-4 and pAYSp-22, for trans-kingdom conjugation, were based on a broadhost-range IncQ-type plasmid, RSF1010 (Bagdasarian et al. 1981 , Scholz et al. 1989 . DNA ligation and other relevant procedures were described elsewhere (Nishikawa et al. 1992) . Procedure for conjugation, preparation of plasmid DNA and Southern blotting were essentially the same as those described previously (Nishikawa et al. 1990 ) except that mating was allowed to proceed for 24 h. A. tumefaciens and E. coli (strains are shown in Table 1 ) were cultured in L-broth at 28° and 37°C, respectively. S. cerevisiae (see Table 1 ) and transconjugants were cultured in YPD or SD as described previously (Nishikawa et al. 1990 ).
Trans-kingdom conjugative plasmids require at least oriT, mob and tra genes, as do bacterial conjugative plasmids. Since mob and tra are frans-acting genes, these two genes can be harbored by a separate helper plasmid, as in bacterial conjugation. The newly constructed plasmids, for trans-kingdom conjugation between A. tumefaciens and S. cerevisiae are shown in Figure 1 . The strategy for their construction was based on the structure of a broadhost-range plasmid, RSF1010, that contains oriT, oriV (origin of vegetative replication), mob, ARS (autonomous replication sequence of S. cerevisiae) and selective marker genes for antibiotic resistance or nutrient requirement.
Trans-kingdom conjugation was carried out by biparental mating of A. tumefaciens, as donor, that harbors conjugative plasmid pAYSp-4 or pAYSp-22 with RP4 as the helper plasmid, and S. cerevisiae as the recipient. The conjugative and helper plasmids were introduced into A. tumefaciens by electroporation. In the trans-kingdom conjugation, the helper plasmid in A. tumefaciens can mobilize the coexistent conjugative plasmid so that it is transferred into a recipient yeast cell. Thus, transcon- 
This study This study 5 " 1, 2, 3, 4 and 5 indicate the reference of Boyer and Rouland-Dussoix (1969) , Hoekma et al. (1983) , Nishikawa et al. (1990) , Scholz et al. (1989) and Jacoby and Jacob (1977) , respectively.
jugants without the nutrient requirement should be generated if conjugation is successful. The results of transkingdom conjugation are summarized in Table 2 . The result was reproducible when recipient strains and mating conditions were chosen carefully. It was clear that the conjugative plasmids in A. tumefaciens were transmitted into recipient yeast cells (cross nos. 1-4). No transconjugants were generated without conjugative plasmids and/or helper plasmids (cross nos. 5-7). Curing experiments showed that the transmitted plasmids were usually present as plasmids in transconjugants since the transconjugants were easily cured of plasmids under non-selective conditions (data not shown).
In order to obtain direct evidence for the presence of a conjugative plasmid in a yeast transconjugant, we performed Southern blotting analysis. As shown in Figure 2 , the results clearly indicated the presence of plasmid DNA in yeast transconjugants. Southern blotting profiles of transconjugants after crosses, no. 3 and 4 were essentially the same as Figure 2 (data not shown). Thus, the presence of the Ti plasmid had essentially no effect on trans-kingdom conjugation.
During bacterial conjugation (Willetts and Skurray 1987) , one strand of the conjugative plasmid is nicked at oriT by a mo6-encoded nuclease and, subsequently, the nicked strand is transmitted into a recipient cell in the 5' to 3' direction through a conjugation tube. The transmitted strand is re-circularized after the synthesis of the complementary strand. To know the possibility of structural and functional change in transmitted plasmids during trans-kingdom conjugation, we transferred the plasmid DNA of yeast transconjugants to E. coli cells by transformation (back-transformation) and subsequently performed analysis of plasmid DNA with restriction enzymes after DNA extraction from the back-transformants. As shown in Figure 3 , we failed to detect any changes. This result clearly indicates that the transmitted plasmids recovered their complete original structures after trans-kingdom conjugation.
In this study, A. tumefaciens successfully transferred its conjugative plasmids to S. cerevisiae by trans-kingdom conjugation. The results of back-transformation to E. coli indicated that the transmitted plasmids retained their original structures in the recipient yeast cells as is known also to occur in E. coli-S. cerevsiae conjugation (Nishikawa et al. 1990 ). These results, together with data from Southern blotting, indicate that the Ti plasmid in an Agrobac-5.9kb -2.6kb - Fig. 2 The presence of plasmids in transconjugant yeasts. Plasmid DNA extracted from randomly picked yeast transconjugants that harbored pAYSp-4 was digested with EcoKV. The DNA samples were subjected to agarose gel electrophoresis, and then Southern blotting analysis was carried out with pAYSp-4 DNA as probe. Lane 1, pAYSp-4 DNA (control); lane 2, transconjugant DNA; lane 3, transconjugant DNA. 5 9kb -2.6kb 2 1kb 1 4kb Fig. 3 Structural stability of plasmids during conjugation. Plasmid DNAs extracted from randomly picked up transconjugant yeast cells that habored pAYSp-4 were introduced into E. coli by transformation. The resulting transformants (backtransformants) were selected and checked with respect to their plasmid markers. The structure of the plasmid DNA was analyzed by agarose gel electrophoresis after digestion with EcoRV. Lanes 1 and 7, size markers; lane 2, pAYSp-4 DNA; lanes 3-6, DNA from back-transformants. terium donor has essentially no effect on the conjugation induced by pAYSp plasmids. Although Ti-mediated transfer is restricted to the T-DNA region, we detected no evidence for excision of the DNA flanked by RB and LB in pAYSp-22 during trans-kingdom conjugation. This observation is probably due to the complete repression of Ti transfer and of the vir system under the conditions for trans-kingdom mating. The vir system is usually induced at relatively low pH, low temperature and in the presence of phenolic compounds, such as acetosyringone. Such conditions are completely different from our trans-kingdom mating conditions. Therefore, the expression of the conjugation system and that of the T-DNA transfer system can be differentially controlled in A. tumefaciens.
